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ABSTRACT 


The objective of this program is to develop a low-cost 

OHMIC COHTACT OH SILICOH SOLAR CE:LLS BASED OH MOLYBDENUM 
TIH METAL SYSTEM. 

The approach is based oh the formulation of a screehable 

INK COMPOSED FROM MOLYBDEHUM OXIDE AHD TIH MIXTURE . 

The first quarter of this program involved the study of 

THE REDUCTION OF JYoOj INTO Mo AHD THE ESTABLISHING OF 

MoO^:Sh ratio . 

Both tasks have been done in an experimental station 

CONSTRUCTED FOR THIS PURPOSE. The RESULTS SHOWED THAT 
MOLYBDENUM WAS FORMED FROM ITS OXIDE AT 800° C AND 
IMPROVED IN BONDING TO SILICON AT 900° C . 

A 20% Mo0^-80% Sn mixture was converted into a metallic 

COATING WITHIN THIS TEMPERATURE RANGE. 

The next quarter will be concerned with the formulation 

OF SCREENABLE INK t CALIBRATION OF A TUBE FURNACE FOR 
THE FIRING CYCLE AND EVALUATION OF THE METAL CONTACT ON 


SOLAR CELL STRUCTURES , 
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1.1 


I. IMR0MCT1M 


METALS FOR OHMIC COHTACT TO SILICON SOLAR CELLS ARK 
SELECTED ON BASIS OF THEIR ELECTRICAL CONDUCTIVITY , 
THERMAL EXPANSION COEFFICIENT, ENVIRONMENTAL STABILITY 
AND COST • 

Table I shows the pertinent properties of metals . This 

TABLE SHOWS THAT MOLYBDENUM IS MOST DESIRABLE WITH RES- 
PECT TO THE STATED REQUIREMENTS . It HAS THE CLOSEST 
MATCH OF THERMAL EXPANSION COEFFICIENT WITH SILICON FROM 
ALL METALS AND IT IS AMONG TEN OF THE HIGHEST CONDUCTIVE 
METALS, ONLY SECOND TO COPPER AMONG THE COMMON METALS, 

For this reason molybdenum is used in silicon device 

TECHNOLOGY AS A STRUCTURAL ELEMENT IN THE DEVICE AND 
CIRCUIT ASSEM3LY, I T IS USED AS A MECHANICAL SUPPORT AS 
WELL AS A HEAT SINK. AS « CONTACTING ELEMENT HOWEVER 
MOLYBDENUM IS USED VERY RARELY AND THE REASON FOR THIS 
IS THAT ITS HIGH MELTING AND BOILING POINT MAKE THE 
DEPOSITION OF THE FILM BY EVAPORATION OR SPUTTERING 
RATHER DIFFICULT AND FILM FORMATION BY PYROLYTIC 
DECOMPOSITION OF CARBONYLS OR HALIDE COMPOUNDS REQUIRES 
COMPLEX EQUIPMENT AND PROCESSING STEPS . 

The formation of molybdenum films by a simple and 

ECONOMIC PROCESS IS THE SUBJECT OF THIS PROGRAM. It IS 
BASED ON THh CONVERSION OF MOLYBDENUM TRIOXIDE ( fioO j) 
INTO METALLIC MOLYBDENUM IN A REDUCING ATMOSPHERE AT 
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Electrical 

RESIST! VI TY 

( ohms -cm) 

Coef.of Thermal 
expansion 
(cm/cm/C) .10“ 

Melt.P. 

(°c) 

Both.?. 

(°C) 

Density 

(o/cm*) 

Titan i an 

176 

7.1 

1 725-10 


4.5 

Nickel 

65.3 

9.2 

1455 

3075 

8.9 

Lead 

20.6 

16.3 

327 

1740 

11.3 

Platinum 

14.9 

4.9 

1774 

4530 

21.5 

Tantalum 

12.4 

4.0 

2996 

4100 

16.6 

Tin 

11.5 

13 

232 

2260 

■SI 

Palladium 

10.6 

6.5 

1555 

3960 

12.0 

Aluminum 

6.3 

13.7 

660 

1600 

2.82 

Zinc 

6.1 

19.3 

419 

904 

D 

Tungsten 

5.48 

f 2.2 

3410 

5900 

19.4 

Molybdenum 

5.17 

i 3.1 

2622 

4570 

10.2 

Beryllium 

5 

6.4 

HI 

2980 

1.84 

Rhodium 

4.51 

4.6 

1966 


12.4 

Gold 

2.35 

7.9 

1065 

2700 

19.3 

Copper 

2.03 

9.8 

1063 

2595 

8.95 

Sil VER 

• 

10.9 

960 

2000 

10,5 

Silicon 


4.2 

1420 


2.33 j 
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ELEVATED TEMPERATURES . IfOLYBDKNUM TRIOXIDE (N 0 O 3 ) IS THE 
MOST STABLE OXIDATION STATE OF MOLYBDENUM AND HAS AN 
ADVANTA0E0U8 CHARACTERISTIC IN THAT IT HAS A RELATIVELY 
LOU MELTINO POINT OF 795° C AND IS ALSO EASILY TO REDUCE 
INTO MOLYBDENUM METAL. WHEN HFaTED IN AIR IT STARTS TO 
SUBLIME ABOVE 550° G t MELTS INTO AN OILY LIQUID AT 795°C, 

AT WHICH POINT THE SUBLIMATION IS EXCEEDINOLY HEAVY. In 
REDUCING ATMOSPHERE , ON THE OTHER HAND , THIS OXIDE REDUCES 
AT APPROXIMATELY 600° 0 INTO LOWER OXIDES, MOSTLY MoOg, 
WP r CH IS CHARACTERIZED BY A PURPLE COLOR. floO ^ DOES NOT 
SUBLIME AND CAN BE ULTIMATELY REDUCED TO MOLYBDENUM 
METAL ABOVE 600° C, IF KEPT FOR A LONG ENOUGH TIME. 

When the temperature is increased to 796°C or above, the 

RESIDUAL MoQ% STILL PRESENT IN THE OXIDE MIXTURE MELTS 
AND IS CONVERTED INTO A DENSE MOLYBDENUM FILM . 

Since the MoO $ is commonly available in a fine powder 

FORM, IT is VERY SUITABLE TO USE IN A SUSPENSION ADJUSTED 
FOR SILK SCREENING PROCFSSFS . 

The SECOND ELEMENT in THE PROPOSED metallization method 
IS TIN. It IS SELECTED BECAUSE OF ITS OOOD SOLDERABI L ITT 
AT LOW TEMPERATURES AND ALSO BECAUSE IT HAS THE HIGHEST 
ELECTRICAL CONDUCTIVITY among the low hfltino metals. 

No CONCLUSIVE INFORMA m I ON IS available on the constitution 
of molybdenum-tin system. 
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There are references stating that upto 0*13% tin in 

MOLYBDENUM FORMS A SI HOLE PHASE. THIS REFERENCE CAN BE 
FOUND IN THE CONSTITUTION OF DINARY ALLOYS BY F.A.SHUNK, 
1969 ( SECOND EDITION ). 

There is experimental evidence that molybdenum is readily 

WET BY TIN IN THE ABSENCE OF OXIDE AND THIS REACTION IS 
MORE PRONOUNCED WHEN IT TAKES PLACE AT THE TIME WHEN 
MOLYBDENUM IS REDUCED FROM ITS OXIDE. THEREFORE THE AIM 
IS TO FORMULATE A MOLYBDENUM OXIDE-TIN COMPOSITION , 
DISPERSE IT IN A SUITABLE VEHICLE FOR SILK SCREENI NO 
ANB FORM THE CONTACT ON THE SOLAR CELL SURFACE BY FIRING 
THIS MIXTURE IN REDUCING ATMOSPHERE . 

Forming gas is used for safety reasons. 

The project is planned in three phases. 

1 . The determination of the cycle for conversion of 
MoO j into Mo and the ratio of 11oO^:Sn. 

This phase is done in an experimental station, es- 
pecially constructed fob this purpose. 

2. The formulation of screenable ink and the evaluation 
or the contact on solar cells. This work is conducted 

IN A TUBE FURNACE CALIBRATED TO PARAMETERS ESTABLISHED 
EXPERIMENTALLY IN THE FIRST PHASE. 

3 . The specification of *he process for metallization 

IN C0NVEY9R BELT FURNACES % 
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II. ACCONPLIMIMIS 


The first quarter or the prooran has concerned with 

ESTABLISHING OF THE TEMPERATURE- TIME- ATMOSPHERE CYCLE 
REQUIRED FOR THE REDUCTION OF MOLYBDENUM TRIOXIDE INTO 
MOLYBDENUM AND ALSO DETERMINATION OF MOLYBDENUM TRIOXIDE- 
TIN RATIO TO OBTAIN SOLDERABLE AND ADHERENT COATINGS. 

II. 1 . Construction of experimental station. 

The purpose of this station is to allow for 

VISUAL OBSERVATION OF REACTIONS TAKING PLACE UNDER 
VARIOUS TENPERATURE-TIMF-ATMOSPHERE HEATING CYCLES AND 
TO PERFORM INDI VIDUAL EXPERIMENTS IN A SHORT TIME. ?HE 
STATION SHOWN IN THE ATTACHED SKETCH CONSISTS OF A 
GRAPHITE STRIP HEATER , LOCATED UNDER A PYREX BELL JAR WITH 
AN INLFT FOR GASFLOW. THE GRAPHITE STRIP IS HEATED BY ME A NS 
OF AC CURRENT AND DESIGNED TO GENERATE 1C00°C. THE TEMPERA- 
TURE OF THE STRIP IS MONITORED BY A ChROMEL-AlUMKL THERMO- 
COUPLE AND DISPLAYED BY A PYROMETER. THE ATMOSPHERE IN THE 
BELL JAR IS CONTROLLED BY FLOWMETERS AND VALVES TO PROVIDE 
A DESIRABLE INERT OR REACTIVE GASEOUS ENVIRONMENT. 

The heater is constructed from a high purity PCCO graphite 

DISTRIBUTED BY l GRAPHITE HaCHINED PRODUCTS 

9806 Everest Street 
Downey, Calif. 90242 


6 




CONTROLLED A TM05PHIEL EXPERIMENTAL . $ 'WP UFA TFR 
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The density of this material is 1.84g/cm and resibti nrr 
1. 27x10' cm. 

The supplied material is 4"(10.16ck) wide , 6"(15.24ch) long 
and .050" (0.127cm) thick . 

The heating element is shaped from this platf and has 
dimensions or 1"( 2.54cm) x 4.72”(12cm) with slots on each 

NARROW END rOR MOUNTING TO THE ELECTRODES TERMINALS ( SEE 


drawing). !• 

OF POOR QUAUT V 

)• — i2 • •• cm 4 



The electrical energy for the heater is supplied by 
120Volts~20Amps in-house line via three transformers 

EACH ONE HAVING 208 VoL TS-10. SAMPS RATING ON THE PRI- 
MARY AND 3CV olts-60Amps on the SECONDARY WINDING . 

The PRIMARIES of these transformers are connected in 

SERIES t THE SECONDARIES IN PARALLEL . THE VOLTAOE TO THE 
PRIMARY IS REGULATED BY A VARIAC. 

,HS A single transformer or PROPER rating was NOT READILY 
A VAILADLE, WE USED THE THREE TRANSFORMERS IN THE AB 


DESCRIBED ARRANGEMENT 
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The temperature or the strip is hohitored »r a Chrohel - 
Aluhel thermocouple, oauoe 28, purchased prom California 
Allot Co,, El Monte , Calif, and recorded on a pyrometer 

WITH A SCALE FROM 0 • 1100° C, PURCHASED FROM THE SAME 
COMPANY, The external resistance of the thermocouple 

IS ADJUSTED TO 10 OHMS IN ORDER TO MATCH THE RESISTANCE 
OF THE PYROMETER, 

The belljar is from pyrex glass, has the diameter of 
Q"(20,32 cm) and has a volume of 12 liters. 

It IS SUSPENDED BY A WIRE CORD AND BALANCED BY A COUNTER 
WEI' U T. 

Th FLOWMETERS TO CONTROL THE GAS rLOW ARE MADE BY BROOKS 

Instrument Division Emerson Electric Co,, Hatfield, Penn, 
Onf, used for forming oas, has a maximum flow-rate of 
4,7 std,l/min and the minimum flow-rate of 0,1 std l/min. 
The other , used for nitrogen, has the maximum flow-rate 
of ,272 STD l/min and a minimum rate of ,014 std l/min, 

II, 2, Rjed}Lctjj>n of MoO^ into fhjt 

Materials used: 

Silicon wafers P-type, 1 Ohm-cm and 

N-type, C,1 Ohm-cm 

Molybdenum oxide reagent ( Mallinckrodt ) 
Trickloro ethylene 

Ethylcellulose ( Dow Chemical Co. ) 

The silicon wafers were scribed to lxl cm approx., 

cleaned in 9:1 » HN03:HF 
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ETCHED 


The molybdenum oxide suspension was prepared by DISPERS- 
ING HoOg IN TRICHLORO ETHYLENE AND A SMALL AMOUNT OP 
ETHYLCELLULOSE WAS ADDED TO ADJUST TO A CONSISTENCY OP 
A PAINT , 

HO EXACT RATIO OF INDIVIDUAL INGREDIENTS WAS ESTABLISHED 
AS THE PURPOSE OF THESE TESTS WAS TO DETERMINE QUALI TATI VELY 
THE REDUCTION OF MoO g. 

The SILICON WAFERS were coated on one SIDE with THIS 
SUSPENSION, 

The samples were subjected to a heat cycle to form Mo, 

The Mo coatings were evaluated for lateral conductance 

AND BOND STRENGTH. TliF CONDUCTANCE WAS MEASURED BY AN 

Ohm meter and the bond strength by a scratch test using 

AN X-ACTO KNIFE. 

The first cycle had a peak temperature of 8C0°G and the 

HEAT-UP WAS DONE IN STEPS TO OBSERVE MATERIAL CHANGES 
AT DIFFERENT TEMPERATURES, 

The graph shows this cycle. 

The initial heating was done in nitrogen flow of ,25l/mim 

AND AT 225°C THE DARK COLOR APPEARED , CORRESPONDING TO 
THE CARBONIZATION OF THE ORGANIC BINDER IN THE COATINO, 

The FORMING GAS WAS TURNED ON AT 300° C WITH A FLOW-RATE 

of 2,5 l/min. 

At 400° 0 YELLOW COLOR OF THE ORIGINAL MoO$ REAPPEARED. 

At 540° G the color became greenish and at 550°C some 

SUBLIMATION WAS OBSERVED. 


IQ 




r/Mt (Moores) 
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At 570° C the color turned dark purple and this persisted 
TILL THE peak of 800° C, at which point the color chanced 

TO STEEL-GRAY, THE TEMPERATURE WAS QUENCHED SUDDENLY TO 
ROOM TEMPERATURE , 

The films had a resistance between 5-10 Ohms and a rea- 
sonable GOOD BOND TO SILICON, P-TYPE AS WELL AS N-TYPE, 
YET IT WAS POSSIBLE TO BE SCRAPED OFF BY A X-ACTO KNIFE, 
The FORMING gas used for THE REDUCTION WAS COMPOSED OF 
85% NITROGEN AND 15% HYDROGEN, 

Experiments were done also with 60% nitrogen and 40% 

HYDROGEN . 

The results in both cases were identical except with the 

HIGHER HYDROGEN CONTENT THE REDUCTION OF THE OXIDE WAS 
FASTER , 

The conclusion drawn from these experiments was that the 
TRANSITION TEMPERATURE FROM 550° C TO 650° 0 WAS CRITICAL 
WITH RESPECT TO THE SUBLIMATION AND LOSS OF MoO 

Therefore the cycle was modified to slow-down the heating 

RATE WITHIN THIS RANGE AND ALSO THE PEAK TEMPERATURE WAS 
INCREASED TO 900° C, TO DETERMINE THE EFFECT OF HIGHER 
TEMPERATURE ON THE BOND STRENGTH, 

The initial heating in nitrogen atmosphere was increased 
TO 400° G TO ASSURE COMPLETE REMOVAL OF ORGANIC MATERIALS , 
A FIVE MINUTE PURGE IN FORMING GAS FOLLOWED, 

The graph shows the modified cycle. 
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TJMC C Min.) 
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The molybdenum film resulting from these cycles had 

LATERAL RESISTANCE BELOW 1 OHM AND COULD NOT BE SCRAPED 
OFF BY THE X-ACTO KNIFE, 

II, 3, IteTjyirtlNATlJlN OF MoO^lSn ratio. 

The preliminary tests for this task were done by 

COATINO SILICON WAFERS WITH MOLYBDENUM OXIDE SUSPENSION 
AND LOCATING A FEW GRAINS OF 2C MESH SI2E TIN ON ONE 
EDGE OF THE COATING, 

The purpose of this test was to determine the wetability 

OF THE MOLYBDENUM BY TIN, 

The samplfs were heated following the modified cycle. 

The reaction proceeded by fashion previously describe n for 
MoO$, At 900° C however , when the Mo was formed, tin spread 

OVER THE ENTIRE SURFACE, 

Resulted coatings passed the adhesion test and had a good 
sol dera bility by lead-tin solder. 

Next tests were done with mixtures of MoO^:Sn(325 mesh 

PARTICLE SIZE ) USING THE FOLLOWING RATIOS, 

M i l H i I ft t?4 

The mixture was suspended in trichloro ethylene with 
ethylcellulose binder such as previously WITH M0O3, 

The OBTAINED RESULTS SHOWED THAT WITH THE MoO^lSN RATIO 
GREATER THAN 3:7, THE FORMED FILMS HAD A TEXTURE WITH A 
LACY PATTERN WITH TIN FORMING THE RIDGES, 
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The bond passed the adhesion test, but the solderabilitt 



WAS POOR AND REQUIRED A SCRUBBING ACTION , 

Films formed from MoO^iSn ratios less than 3:7 had a dense 

SOLDERABLE FINISH, BUT THE COATINGS WITH HoO^iSn IN RATIOS 

o ■* 1:9 and ,5:9,5 had a weaker bond. 

So FAR THE OPTIMUM SEEMS TO BE AT A RATIO OF HoO j.* Sn=P : 8 , 

The firing cycle to achieve good bonding with this composi- 
tion IS BFTWKEN 800 AND 900^0, 
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in. QOMLMIM 


Ths results from the experimental work completed 

IN THE FIRST QUARTER LEAD TQ THE FOLLOWING CON- 
CLUSIONS: 

1. MoO^ CAN BE CONVERTED INTO A DENSE AND AD- 
HERENT MOLYBDENUM FILM ON SILICON WAFERS 
BETWEEN 800 AND 900° 0. 

2. The critical part of the reduction process 
IS IN THE RANGE OF 550-650°C, WHEN /foOj IS 
REDUCED TO MoOp. The CONTROL IN THIS RANGE 
IS IMPORTANT TO PREVENT LOSSES OF MoO j BY 

SUBLIMATION. 

3. MoO^:Sn MIXTURE GIVES THE BEST RESULTS IN 
TERMS OF ADHESION AND SO LDERABI L I TY IN A 

ratio of MoO^:Sn-2:8. 


16 



IV. PROJECTED WORK FOR MFXT QUARTER 


The work to be accomplished in the next quarter 

INCLUDES THE TASKS SCHEDULED IN THE ATTACHED PROGRAM PLAN . 

1. Preparation of ink samples 

2. Set-up and calibration of tube furnace for firing the 

INK ON SOLAR CELLS 

3. Diffusion of silicon wafers for screening of the ink 

AND FOR ELCTROLESS NICKEL PLATING TO EVALUATE THE INK 
ON A COMPARATIVE BASIS. 
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7. NEW TECHNOLOGY 

New processes have hot beeh sufficiently developed 

TO BE REPORTED AS HEW TECHHOLOGY. Alb HEW DE VELOPHENTS 
WTLL BE SPECIFIED AT COMPLETION OF THE CONTRACT. 
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